In this study, we evaluated four such null models using twelve mammalian traits and four climate variables to assess the extent to which trait-climate correlations can arise spuriously. Every null model has associated strengths, weaknesses, and implications and therefore should be chosen to evaluate a specific set of biases or questions (Gotelli and Graves 1996 , de Bello 2012 , Gotelli and Ulrich 2012 . We chose four null models that reflect different biases: 1) free dispersal; 2) dispersion field; 3) spatial autocorrelation; and 4) phylogenetic autocorrelation (full descriptions are given below; see Fig. 1 for a conceptual diagram of the null models). If spurious effects are small, then variation in the trait-climate correlation between the four data sets should be low. Furthermore, the effect of correction should vary less between traits whose true correlations are strong because they are less likely to have arisen by chance than traits with weak correlations.
We also evaluated observed trait-climate correlations against several a priori biological predictions for how the twelve traits are expected to be correlated with climate based on functions identified in previous studies (McNab 1963 , Eisenberg 1981 , Stearns 1983 , Calder 1984 , Janis and Fortelius 1988 , Damuth and Janis 2011 (Table 1) . If spurious mechanisms have a strong effect, then observed trait-climate correlations should not match the a priori predictions. We conclude by identifying those traits that are strong candidates for use in ecometric reconstruction of past climates.
Methods

Data
We based our analyses on three datasets: 1) geographic range maps of North American mammals (n  558), 2) climate data for North America, and 3) a database of traits for each species. Bats were excluded because their environments differ from terrestrial mammals, even when they inhabit the same geographic space. All of these datasets were assembled into a relational spatial database based on taxonomy using Wilson and Reeder (2005) .
(C) ( D) Figure 1 . A conceptual figure detailing the assumptions underlying our four alternate null models. In (A) (free dispersal model), we assume that any species with any trait value might occur at any location (i.e. the spatial arrangement of species ranges does not matter). In (B) (dispersion field model), we assume that any species that co-occurs with a species in the focal location could contribute their traits to a location. In (C) (spatial autocorrelation model), we retain the species original spatial locations, but reshuffle their traits. Note that this is effectively different than (A), because the traits are being reshuffled and not the species ranges. In (D) (phylogenetic model), we assume that more closely related species may have more similar trait values and we remove the effects of the shared phylogenetic history. expected from the model. Any geographic pattern in trait mean that arises in this model is simply related to the standard error of the mean of all species: the expected value is the same for all sampling points.
2) Dispersion field model (df) (Fig. 1B) : corrects for spatial patterns arising from randomly assembled communities drawn from a regional pool of species that sympatrically overlap Rahbek 2005, Borregaard and Rahbek 2010) . The dispersion field is the combined geographic distributions of the N species observed at the sampling point, and the pool used in resampling is all the species that occur somewhere inside that field. As with the full dispersal model, 1000 random assemblages of N species were drawn from the resampling pool, resampled trait means were calculated, and trait-climate correlations were calculated from the anomalies of the original trait means from the means of the resampled data. Any pattern that arises from this model is due to differences between regions in the traits of the species, but if there are no regional differences then the expectation is the same for all sampling points. As we discuss below, this model would inadvertently remove the effects of true environmental sorting if the sorting occurred at the same geographic scale as the dispersion fields.
3) Spatial autocorrelation model (sa) (Fig. 1C ): corrects for patterns arising from spatial autocorrelation. This model retains the spatial relationships of all the species and randomizes trait values between them, thus modeling the trait mean that would be expected if the distribution of the species was not influenced by the trait. Here the trait means are calculated from each of 1000 permutation events. The geographic distribution of the expected means represents the spatial pattern that arises from spatial autocorrelation. The anomaly between the original means and the expectation was calculated for each sampling point and a correlation was calculated between the anomalies and each climate variable. Any pattern in trait means arises purely from the spatial distribution of the species' ranges, not processes related to the trait itself. 4) Phylogenetic model (phylo) (Fig. 1D) : corrects for the phylogenetic relationships among the species co-occurring at each sampling point by removing the shared phylogenetic component of trait variation from the local assemblages of species. We used the phylogenetic supertree of mammals from Bininda-Emonds et al. (2007) to calculate what is often referred to as the ancestral reconstruction, or grand mean, of each trait using the GLM procedure of Martins and Hansen (1997) . Here, the grand mean functions as an adjusted assemblage mean that accounts for the non-independence of the constituent species. Any geographic pattern in the adjusted means arises independent of phylogenetic relationships among the mammal species, thus removing the effects caused by different clades dominating faunas in different parts of the continent. As we discuss below, this model would inadvertently remove the effects of true environmental sorting if it operates at clade level. We measured the phylogenetic correlation of each trait using Pagel's Lambda (Pagel 1997) using the same supertree. Lambda is 0 when there is no correlation between trait and phylogeny, it is 1 when the correlation between trait and phylogeny is equal to that 1) Polygon range maps for North American mammals were downloaded as shape files from the Digital Distribution Maps of the Mammals of the Western Hemisphere, 3.0 (< www.natureserve.org/ >; Patterson et al. 2007 ). We resampled the range of each species using an equidistant point grid at three grain sizes (point spaces at 50, 100, and 250 km). Our sampling grids are available at < http://mypage. iu.edu/∼pdpolly/Data.html >.
2) Climate layers were downloaded from the WorldClim database (Hijmans et al. 2005 ) on 1 March, 2010 (< www. worldclim.org >). The original data were gridded by latitude and longitude in 2.5 degree cell sizes, which we resampled using the three equidistant point grids mentioned above. The WorldClim data include nineteen bioclimate variables (Nix 1986) , from which we selected four purely climatic variables whose relationship to mammalian traits is particularly well understood: mean annual temperature, annual precipitation, temperature seasonality, and precipitation seasonality.
3) We used trait data from the PanTHERIA database (Jones et al. 2009 ), most of which are originally derived from Eisenberg's (1981) compliation of mammalian characteristics and subsequent elaborations, plus one trait (tooth crown hypsodonty) from Eronen et al. (2010b) ( Table 1) . We used traits for North American mammal species with trait data for more than 25% of the species. The traits we selected are not highly correlated with each other (Pearson's coefficient r  0.8 or r  -0.8; Supplementary material Appendix 1, Table A1 ). The 12 traits represent the following categories: phenotypic traits, ecological characteristics, reproductive characteristics, and diet characteristics (Table 1) .
Geographic distribution of trait means
For each point in the sampling grid, we calculated the mean of each trait from the assemblage of species that co-occur there. These are the observed local assemblage trait means (i.e. the ecometric mean). We calculated the Pearson's correlation coefficient (r) between each set of trait means and each of the four climate variables across all points in the grid (orig). We then recalculated the trait-climate correlations after adjusting the trait means for spurious patterns that arise from the each of the four null models as follows.
1) Free dispersal model (fd) (Fig. 1A) : corrects for spatial patterns arising from randomly assembled communities drawn from all species on the continent McCabe 2002, de Bello 2012) , thus modeling the community trait mean that would be expected if the local assemblage was a completely random sample of species. We randomly sampled N species (where N is the number of mammal species present at the sampling point), calculated the mean (simulated mean), and repeated 1000 times to generate an expected simulated mean (the average of the simulated means). We subtracted the expected simulated mean from the original trait mean at each sampling point to produce anomalies (residuals) that indicate whether the observed trait mean is higher or lower than the mean A line connects each set of five correlations. Instances in which a null model correction had a substantial effect are easily visible as sharp bends in the line (e.g. litter size and weaning age, Fig. 2F , J respectively). Most trait-climate combinations were unaffected, regardless of which null model was applied (e.g. terrestriality, adult body mass, litters per year).
Our results demonstrate that correcting with the free dispersal null model produces a statistically identical correlation as the original trait data, which is expected because the mean of the null expectation of the free dispersal pool (all species) is the same for each sampling point and is thus effectively a constant that has no effect on the trait-climate correlation (Supplementary material Appendix 1, Fig. A1 ).
The dispersion field null model correction weakened originally strong correlations in terrestriality, litter size, litters per year, age at eye opening, trophic level, and hypsodonty, and it strengthened originally weak correlations in activity cycle and litter size ( Fig. 2 ; Supplementary material Appendix 1, Fig. A2 ). It is expected that the dispersion field correction would tend to lower strong correlations because it removes the mean trait value of the regional species pool, and strong correlations in the original data would normally arise from regional differences in trait means. Only in two cases did the dispersion field correction strengthen strong correlations (activity cycle and weaning age). The spatial autocorrelation correction had little to no effect on ecometric correlations ( In our linear mixed model meta-analysis, the random effect for the Trait-by-Climate interaction, which is the different responses by traits to different climate variables, explained 96.7% of the variation. Method and Grain contributed almost no variation to the model (Table 2) . Weighting the correlation coefficients by sample size and by magnitude of the correlation coefficient produced significantly better log likelihood fit (loglik 1  733.15 and loglik 2  751.31; Supplementary material Appendix 1, Table A2 ).
Observed trait-climate correlations were largely congruent with a priori predictions
Geographic patterns were apparent in the observed trait data (Table 3 ; Fig. 3 ). Of the 48 trait-climate combinations, one pair had no correlation where a relationship was expected (age at eye opening-precipitation seasonality), one pair had a weak correlation in the opposite direction than expected (litter size-precipitation seasonality), and five pairs had at least moderate correlations,  0.35 or  -0.35, where none was expected (habitat breadth-temperature seasonality, terrestriality-temperature seasonality, litters per year-annual precipitation, diet breadth-temperature seasonality, trophic level-mean annual temperature). The remaining 41 traitclimate combinations were congruent with expectations (Table 3 ). There were six notably strong trait-climate correlations ( 0.6 or  -0.6). Five of those relationexpected under a Brownian motion process of evolution, and it is greater than 1 when the correlation is stronger than expected by Brownian motion alone. The procedures were repeated for each of the four models at grain sizes of 50, 100, and 250 km.
Linear mixed model meta-analysis
We used a linear mixed model meta-analysis to assess the impact of the four models on observed ecometric correlations by partitioning the variation in the correlation coefficients among four factors: traits (Trait), climate variables (Climate), grain sizes (Grain), and null models (Method). Each trait had a different coverage (the number of species for which trait values were available; Supplementary material Appendix 1, Table A1 ), and we weighted the correlation coefficients more heavily for traits with better coverage. We fit the mixed model using restricted maximum likelihood (REML) because it produces unbiased estimates of the variance and covariance parameters (Harville 1977) . Variance in Trait, Climate, and the Trait  Climate interaction represents real variation in the responses of traits to climate, whereas variance in Grain or Method represents methodological differences associated with sampling or choice of null model.
To test whether variation among models contributes significantly to differences among the correlation coefficients, we assigned Method and Grain as fixed effects and treated Trait, Climate, and the Trait  Climate interaction as random effects. This approach factors out the variation among the random effects and then tests whether the variation in the fixed effects is significant. To test whether stronger correlations have less variation between models than weaker ones we used two weighting structures, the one described above and one in which each correlation was weighted by its absolute value. The latter weighting structure will improve the fit of the linear mixed model only when there is less variation among stronger correlations with respect to choice of null model.
All analyses were performed in the R Statistical Programming Environment and the mixed models were calculated using the packages 'lme4' (Bates et al. 2015) and 'lmerTest' (Kuznetsova et al. 2013 ) available from CRAN (< www.cran.r-project.org >).
Data available from the Dryad Digital Repository: < http://dx.doi.org/10.5061/dryad.9t0n8 > (Lawing et al. 2016) .
Results
Trait-climate correlations do not arise by chance nor are biased by grain size
Our results showed that trait-climate correlations were largely unaffected by removing the chance effects of null models ( Fig. 2; Table 2 ). Figure 2 shows the unadjusted original correlation coefficient (orig) and the four corrected correlation coefficients for each trait and climate variable. Lennon (2000) warned that ecologists must evaluate spatial effects as a standard part of hypothesis testing about environmental factors and ecological patterns because spatial autocorrelation can produce a spuriously significant relationship. Because data that include spatial distributions, evolving clades of species, environmental gradients, and trait-environment interactions are exceedingly complex, spurious patterns may easily arise that are well beyond the power of standard statistical tests to detect; null models that are built around the properties of the system being studied are usually required in order to determine what patterns arise by chance Simberloff 1978, 1986) . The expectations of the null models can be used for statistical testing (real results should depart significantly from those arising by chance under the null model) or for correcting data to account for null patterns (residual variation around the null expectation should be used for subsequent statistical analysis).
Discussion
Our null models focused on spatial and phylogenetic autocorrelation, the two most likely sources of spurious patterns in the geography of average trait values between local ships (habitat breadth, terrestriality, litters per year, age at eye opening, and dietary breadth) were with mean annual temperature and one (terrestriality) was with temperature seasonality. Precipitation seasonality was not well characterized by the traits in this study. occupy large contiguous regions of continents (Legendre 1993 , Lennon 2000 , Diniz-Filho et al. 2003 , Dormann et al. 2007 , Bini et al. 2009 , Belmaker and Jetz 2012 . Three of our null models deal with aspects of spatial patterning. The free dispersal (fd) and dispersion field models (df) each randomly assemble new local communities from a pool of species, the effect of which is to substitute a random spatial distribution for the real one. They are relevant because in ecometric analysis trait means are calculated from local assemblages and thus may be affected by chance co-occurrences of a comparatively small number of species. The dispersion field model will have the effect of removing regional-level sorting of traits, regardless of whether this sorting arose spuriously or by trait-environmental interactions, and is thus subject to type II error of rejecting ecometric correlations when they are real. Our spatial autocorrelation model (sa) overcomes this shortcoming by retaining the real spatial distribution of the species and randomly reassigning trait values to them. If traits do play a significant role in species distribution, then the ecometric correlation will approach zero when traits are randomized. Phylogenetic autocorrelation can create spurious ecometric patterns when closely related species have similar trait values and are geographically distributed near to one another compared to other clades (Harvey and Pagel 1991 , Webb et al. 2002 , Ackerly 2009 , Little et al. 2010 . Our phylogenetic null model (phylo) removes the component of trait values that arises from shared ancestry while leaving the geographic distributions of the traits otherwise unaltered. The phylogenetic null model is subject to type II error if communities. Patterns can arise from spatial autocorrelation due to the proximity of the ranges of species, their mosaic patterns of overlap and exclusion, and their propensity to Pagel's lambda, which had a mean of 0.90 and ranged from 0.4 (diet breadth) to 1.03 (hypsodonty) (Supplementary material Appendix 1, Table A3 ). The effect of the phylo correction was unrelated to lambda: traits with high lambdas, such as hypsodonty, body mass, and terrestriality, were completely unaffected by the phylo correction, whereas some traits with comparatively low lambda, like diet breadth, were affected by the correction; the traits most affected by the phylo correction have intermediate lambdas.
Without additional data, it is impossible to know whether the strong effect of the phylo correction on the litter-size/ temperature correlation is because of spurious phylogenetic autocorrelation or true clade-level sorting.
Regardless of phylogenetic signal in traits, phylogenetic inertia in geographic distributions is only likely to occur when changes in geographic ranges occur slowly with respect to the time since common ancestry. The balance between macro and micro evolutionary processes confounds the effects of phylogenetic autocorrelation (Diniz-Filho et al. 2009 ). The geographic distributions of vertebrate species change enormously over very short timescales, which provides ample opportunity for restructuring their geography with regard to phylogenetic history (Graham et al. 1996 , Lyons 2005 , Lawing and Polly 2011 , Polly and Eronen 2011 , Rödder et al. 2013 ) and probably explains why most of our ecometric correlations were unaffected by the phylo correction despite their strong phylogenetic signal. Little et al. (2010) concluded that because tree leaf physiognomy traits have strong phylogenetic signal, their ecometric signal was caused by phylogenetic inertia. Our data demonstrate that the logic by which they drew that conclusion does not hold unless additional data show that the geographic distributions of tree species also have strong phylogenetic inertia, which is unlikely given that the changes to tree distributions during Quaternary climate cycles have been of the same scale as in vertebrates (Williams et al. 2004 ). Care should therefore be taken before applying the phylogenetic null model corrections because of the danger of type II error (Westoby et al. 1995) .
Ecometrics, ecological assembly rules, and null models
Ecometrics is the study of geographic sorting of taxa by the functional relationship of their traits to environmental gradients (Eronen et al. 2010b ; community assembly is the construction of local communities from regional pools of species by the functional relationship of their traits to non-random processes such as competition and resource availability (MacArthur 1958 , Diamond 1975 , Fox 1987 . While both involve the sorting of species by functional relationships between trait and environment, they involve different patterns and processes, different sampling strategies, and different null models.
Ecometric patterns are produced by large-scale sorting of species by their traits along environmental and climatic gradients. For example, ungulate mammals are sorted by their tooth crown heights along precipitation gradients because arid conditions generally result in gritty, abrasive vegetation that wears teeth at a higher rate than in environments where ecometric sorting occurs at a clade level by trait-climate interactions where the trait values are shared by common ancestry (Westoby et al. 1995 , Webb et al. 2002 , Jablonski 2008 , Ackerly 2009 ).
Our results show that ecometric patterns in mammals at a continental scale do not arise from the spurious spatial effects represented by these four null models. Three lines of evidence reinforce this conclusion. First, our linear mixed model meta-analysis indicates that the four null model corrections had no significant impact on the ecometric correlations and that Trait  Climate interactions explained most of the variance among the correlation coefficients whereas application of null model corrections and sampling at different grain sizes added almost no variation. Second, correlations differed significantly in the magnitude and direction from trait to trait, indicating that they are not a spurious product of geographic distribution and phylogenetic relationships of the mammal species because such spurious effects would affect all traits equally. Third, the observed trait-climate correlations were largely congruent with the a priori predictions and it is unlikely that spurious causes would produce the same correlations across 48 trait-climate pairs.
Previous authors have argued on empirical grounds that spatial autocorrelation does not usually impact correlations involving climate or biome at continental scales (Diniz-Filho et al. 2003 , Dormann et al. 2007 , Hawkins et al. 2007 ). The lack of impact of spatial autocorrelation is also seen in our ecometric data, where the trait-environment correlation was virtually unaffected by removing the effects of the spatial autocorrelation model (sa) ( Fig. 2 ; Supplementary material Appendix 1, Fig. A3 ).
The role of phylogenetic autocorrelation is somewhat ambiguous in our data. Even though most of the trait-climate interactions in our study were comparatively unaffected by applying the phylogenetic null model (phylo) correction, this model nevertheless had the largest effect of any of the four (Fig. 2) . In a few cases, such as the relationship of litter size to seasonality and mean annual temperature, an otherwise strong correlation dropped to near zero when the phylogenetic component of the trait was removed from the calculation of the local trait mean, indicating that closely related species tend to have similar litter sizes and tend to co-occur in areas with similar mean annual temperature and seasonality. While it is well established that spatial structuring of biological communities often involves phylogenetic structuring (Ackerly 2009 , Graham et al. 2009 , it is less well established whether phylogenetic structuring is likely to result in spurious trait-climate correlations or whether environmental sorting occurs at the clade level and thus leads to spatial patterns in phylogenetic structure (Westoby et al. 1995 , Webb et al. 2002 , Jablonski 2008 . Diniz-Filho et al. (2012) used phylogenetic eigenvector regression to show that when only few eigenvectors are used, the resulting patterns are influenced by phylogeny that masks the species-specific trait-related pattern. Only when more than 20 eigenvectors are used the species-specific pattern emerges.
Our data do make it clear, however, that the phylogenetic autocorrelation does not produce a straightforward effect on ecometric correlations: all of the traits in our study have significant phylogenetic autocorrelation as measured by would remove, or dampen, the ecometric correlation itself. We found this pattern in our results ( Fig. 2; Supplementary  material Appendix 1, Fig. A2 ).
Ecometric proxies for paleoclimate
Of the 12  4 trait-climate pairs, 24 had ecometric correlations of moderate or greater strength (r  0.35 or r  -0.35), which suggests these warrant investigation as ecometric proxies to be applied to fossil assemblages for reconstructing continent-wide past climates (Table 3) . To do this, taphonomic biases of the fossil record need to be considered. For example, fossil assemblages are typically found in sedimentary deposits that are somewhat mixed -e.g. material from multiple geographic locations within the same drainage basin as the deposit may be deposited in a single location. The material is thus spatially averaged to some extent, though due to the factors underlying deposition, all of the species within the fossil assemblage probably occurred within the specific drainage basin in which the fossils were found (Aslan and Behrensmeyer 1996) . We consider the resolution of spatial averaging to be consistent with the spatial resolution that results from documenting range maps of a species (which is what we used to construct the ecometric means); both fossil assemblages and range maps overestimate the species present in a local assemblage. Sediment accumulation tends to be slower than the turnover of populations within a drainage basin, and so fossil assemblages usually represent some degree of time averaging as well. As opposed to being a source of negative bias in our study, the process of time averaging makes it more likely for the fossil assemblage to be representative of the actual assemblage, just at a larger spatial and temporal scale. The ecometric proxies introduced here require assemblage-level data and would not be appropriate for all fossil data, but given the likely robustness to spatial and temporal averaging, assemblage-level data that are reconstructed from merging adjacent localities should be suitable.
Another potential problem in developing ecometric proxies to reconstruct paleoenvironment is biased extinction patterns. For example, the Late Pleistocene mammal extinction was biased by body size, wiping out all mammals  44 kg body size in North America, and many other places around the world (Koch and Barnosky 2006) . Ecometric patterns established for living mammals are thus necessarily based on the subset of smaller mammals that remained behind. It should be noted, however, that extinction and extirpation, no matter how biased, will not necessarily obfuscate ecometric patterns if the biasing factor is uncorrelated with the functional trait in question. For example, Polly and Sarwar (2014) demonstrated using randomization and rarefaction that size-biased extinction patterns had no effect on ecometric patterns in locomotor traits. However, they also showed that extinction events can spuriously reduce ecometric correlations if a large proportion of the species pool is involved. Regardless, extinction and extirpation are processes that remove traits from locations with compatible environments, but they do not introduce traits into incompatible environments. Thus their effects will be to mask trait-environment correlations not to create spurious ones. precipitation both washes plant surfaces and favors tender growth (Janis and Fortelius 1988 , Eronen et al. 2010b , Damuth and Janis 2011 . This sorting can, in principle, arise by the geographic sorting of individuals, species, or clades, by local in situ adaptation, extirpation, or extinction, or combinations of these factors (Polly et al. 2015 (Polly et al. , 2016 . The gradient tends to affect all species equally and the patterns emerge from the average trait value in different communities along the gradient. Thus the patterns tend not to arise from processes involving competitive displacement, which is related to resource limitations and which tends to occur between species with similar traits (MacArthur 1958, MacArthur and Levins 1967) .
Conversely, community assembly operates largely through local competitive interactions that allow some species from the regional pool to become members of a local community by excluding others (MacArthur 1958 , MacArthur and Levins 1967 , Diamond 1975 , Fox 1987 , Moulton and Pimm 1987 , Weiher and Keddy 1995 . Factors that influence community assembly include small-scale environmental heterogeneity that result in closely adjacent local communities with different resources, such as wooded stream valleys dissecting open grassland plains, and competition for limited resources between closely related species who share the same niche. For example, island habitats tend to allow a predictable set of functional types to coexist locally based on traits such as dispersal ability, body size, and resource gathering specializations; the composition of species on a particular island arises by non-random filtering from the larger regional pool based on these traits (Diamond 1975) . Community assembly focuses on local instances of traitenvironment filtering operating at a different scale than ecometric sorting, the former perhaps producing exceptions to the larger-scale pattern of the latter.
These differences mean that ecometrics and community assembly require different null models. The null models for community assembly necessarily focus on subsampling of larger pools of species. The free dispersal (fd) and dispersion field (df) models are examples of null models whose origins are in community assembly. While these null models are useful for community assembly questions (Connor and Simberloff 1978 , 1986 , Lennon 2000 , Borregaard and Rahbek 2010 , they address patterns that arise from independent random subsampling of local communities within a region and are therefore inappropriate for assessing ecometric patterns where spurious patterns would arise from random non-independence between local communities within a region such as might arise from spatial or phylogenetic autocorrelation. The free dispersal null model does not appropriately test for geographic patterns in trait means, because the mean value of each trait in the continental species pool is a constant. Subtracting the expected mean of the random assemblages from the original trait value simply adjusts all original trait values by a constant, resulting in a statistically identical trait-climate correlation ( Fig. 2; Supplementary material Appendix 1, Fig. A1 ). The dispersion field null model treats the assemblages in immediately adjacent points as partially independent, but it retains large-scale spatial patterning. In cases where species are sorted by traits, the dispersion field will reflect that sorting. Adjusting trait means using the dispersion field null model Reproductive traits -litter size, litters per year, age at eye opening, age at sexual maturity, and age at weaningwere moderately to strongly correlated with mean annual temperature, and some were also correlated with temperature seasonality and annual precipitation (Table 3 ). The ecology of reproductive parameters has been studied in both living and fossil taxa (Eisenberg 1981 , Cornwallis and Uller 2010 , Macías-Ordóñez et al. 2013 ), but reproductive traits have not been commonly studied in fossil taxa. Tooth eruption sequences, growth patterns, and physical and chemical changes recorded in incrementally growing mineralized structures provide evidence for age at weaning, age at first reproduction, and frequency of reproduction in extinct animals (Smith and Tompkins 1995 , Dean et al. 2001 , Rountrey et al. 2012 . The coevolution of reproductive life histories with changing climate and environment is thus a challenging but potentially fruitful area for research.
Conclusions
The sorting of species along climatic gradients based on traits is a topic that is key to understanding the impacts of global climatic change in the past, present, and future, as well as the fundamental processes that link ecology and evolution. Trait-based sorting is a complex process involving geographic range changes, selection, extinction, and evolution and requires integration of data from biogeography, phylogenetics, functional analysis, paleontology, and environmental science (Webb et al. 2002 , Eronen et al. 2010b , Fritz et al. 2013 , Jackson and Blois 2015 . Because ecometric analyses are conducted at large spatial and temporal scales, their predictive power is based in part on statistical correlations whose null distributions have heretofore been largely unstudied.
While trait-environment interactions in ecometrics are conceptually similar to those involved in community assembly studies where null models are well developed, the processes in ecometric sorting do not clearly include competition between species nor do they involve small samples of species from larger regional pools. The free dispersal (fd) and dispersion field (df) null models that have been used productively in the ecological assembly literature are, therefore, poorly suited for ecometric studies.
To be appropriate for ecometrics, null models must incorporate 1) spatial autocorrelation in trait means that arise spuriously from the pattern geographic distributions of the species independently of trait function; and 2) phylogenetic autocorrelation in the geographic distribution of trait means that arises from shared ancestry. Spatial autocorrelation of this type had little effect on our mammalian trait data, demonstrating that geographic sorting in traits such as hypsodonty, body mass, terrestriality, and reproductive life history traits along climatic gradients is not the spurious result of the autocorrelative properties of the distributions of species relative to climate. The effect of phylogenetic autocorrelation on the distribution of trait means is more ambiguous in our data. Phylogenetic correction significantly affected the apparent trait-climate relationship of a small number of traits, including litter size, weaning age, and trophic level. Whether the phylogenetic component of sorting in these has Given these caveats, we briefly report on the potential to use of a subset of these traits for reconstructing paleoenvironments, focusing on the trait's functional relationship with climate and its suitability for use in the fossil record.
Hypsodonty, the height of cheek tooth crowns, is already a widely used ecometric trait (Fortelius et al. 2002 , Eronen et al. 2010a ). As mentioned above, it has a functional relationship with annual precipitation via variation in the abrasiveness of diets in wet and dry climates due to the increased gritty grasses and eolian cover in dry areas Fortelius 1988, Damuth and Janis 2011) . In our North American data, hypsodonty had a correlation of -0.42 with annual precipitation; tooth crown height is on average lower (and less resistant to abrasion) in wetter regions. While this relationship is already well-known, our data demonstrate that the hypsodonty-precipitation relationship is robust to null model corrections for spatial autocorrelation and phylogeny (Fig. 2) . The correlation is spuriously weakened by the dispersion field correction, which removes the effects of regional sorting from the data. Hypsodonty is easily measured in fossil samples because teeth are frequently preserved due to their strong mineralized structure.
Terrestriality and habitat breadth are defined respectively as whether a species is dominantly ground-dwelling or above-ground-dwelling (usually in trees) and the number of habitat categories that apply to a species from the following list: aquatic, fossorial (below ground), ground-dwelling, above-ground-dwelling (Jones et al. 2009 ). Both are correlated in the same way with mean annual temperature, temperature seasonality, and annual precipitation (Table 3) . Terrestriality and habitat breadth may be estimated in fossil assemblages by assessing anklebones, long bones, and relative tail lengths of carnivores, and additionally these metrics relate to vegetation cover (Polly 2010 , Meloro 2011 , Hooker and Collinson 2012 , Lawing et al. 2012 .
Body mass tends to be larger where mean annual temperature is lower and, to a lesser extent, where precipitation is lower (Table 3 ). This well-established relationship, which is closely related to Bergmann's rule (Meiri and Dayan 2003) , is driven in mammals by the scaling of body mass to surface area, which has a functional relationship to thermoregulation (Calder 1984 , Schmidt-Nielsen 1984 . Body size can be estimated from fossils for many taxonomic groups (Damuth and MacFadden 1990) and has been used successfully as a proxy for estimating paleotemperature (Legendre et al. 2005 , Head et al. 2009 ).
Diet breadth, the number of food types on which a species is known to feed (Jones et al. 2009 ), decreases in cold and dry climates where some food types are comparatively rare (Table 3) . Diet breadth is a good candidate for ecometric analysis because several lines of evidence can be used to reconstruct diet in fossil taxa, including tooth morphology, stable isotope composition, and tooth wear patterns (Kay and Hiiemae 1974 , Walker et al. 1978 , Koch et al. 1994 , Evans et al. 2006 , Ungar 2010 . Dietary analysis has been used as a tool for reconstruction of the Miocene spread of aridity (Fortelius et al. 2002) and expansion of grasslands (Edwards et al. 2010) , but there are only a few examples of dietary breadth in a community being used to study paleoenvironmental change (Hooker and Collinson 2012) .
arisen spuriously from phylogenetic inertia in the geographic ranges of species that share traits through common ancestry or whether it has arisen from true clade-level sorting is unclear from our analysis, but it is clear that the phylogenetic signal of the traits (Pagel's Lambda) is not an indicator of how the geographic distribution of trait means will be affected by phylogeny. Caution is therefore urged before applying corrections for phylogenetic null models to ecometric data because they could inadvertently remove the real effects of clade sorting and result in type II error in which a trait-climate relationship is incorrectly rejected.
Our evaluation of twelve mammalian traits indicated that the well-studied ecometric relationships between precipitation and hypsodonty in ungulates (Fortelius et al. 2002 , Eronen et al. 2010b , between vegetation biomes and locomotor morphology (Polly 2010 , Lawing et al. 2012 , and between body mass and vegetation cover (Legendre 1993 ) are unlikely to suffer from spurious spatial or phylogenetic autocorrelations that were unsuspected by the authors. Furthermore, our results suggest that traits relating to dietary breadth and life history may be subject to climatic or environmental sorting. Life history traits are only rarely studied in extinct organisms, but additional study is likely to be fruitful because these traits are directly related to fitness, they can be measured in fossil taxa, and our data suggest that their functional relationship to changing environments may have had important impact on geographic sorting of clades.
